+ The intestinal epithelium represents a unique model for the study of adult stem cell biology and lineage specification. Not only is it the fastest self-renewing tissue in mammals, with a turnover time of 4-5 days, it also has a simple, highly repetitive layout. Lgr5 stem cells are intermingled with Paneth cells at the base of the crypt and feed daughter cells into a transit-amplifying compartment that fills the remainder of the crypt 1 . Transit-amplifying cells undergo approximately 4-5 rounds of rapid cell division, after which they cross the crypt/villus boundary to terminally differentiate into enterocytes or into one of the secretory cell types, that is, goblet cells, tuft cells and entero-endocrine cells [2] [3] [4] [5] [6] . The Paneth cells represent a fourth secretory cell type that is unusual in its location at crypt bottoms and its relatively long lifespan of 6-8 weeks 7 . Paneth cells serve as niche cells, providing Wnt, Notch and EGF signals to stem cells 8 . The first binary fate decision of undifferentiated crypt transitamplifying cells involves entry into either the enterocyte or the secretory lineage. A simple molecular circuit downstream of the Notch1/2
receptors controls the absorptive/secretory switch 9 . Notch signalling activates Hes1 expression in the receiving cell, typically the crypt stem cell or the undifferentiated transit-amplifying cells 10, 11 . Hes1 in turn represses expression of the Math1 transcription factor that is crucial for entry into the secretory lineage [12] [13] [14] . All transit-amplifying cells in crypts are capable of converting into secretory cells following acute blockade of Notch 11, 15, 16 . However, at present, it is not known at what level in the stem cell/transit-amplifying hierarchy this lineage specification occurs physiologically. The proliferative crypt cells express Notch1 and Notch2 (ref. 9) , whereas Delta-like 1 (Dll1) and Delta-like 4 (Dll4) function redundantly as Notch ligands 17 .
Dll1 crypt cells generate short-lived clones
Paneth cells express Dll1 and Dll4, thus activating Notch receptors on adjacent stem cells; however, it is unclear which cells in the transit-amplifying compartment express Notch ligands to activate Notch receptors on transit-amplifying cells. A Dll1 in situ hybridization probe brightly marked rare cells 1-2 cell positions above the stem cell/Paneth cell zone (Fig. 1a) . Much weaker signals were obtained in individual cells higher up in the crypt and on the villus. This pattern was reminiscent of zebrafish DeltaD in secretory cells of the intestinal tract 18 . The rare Dll1 high cells in crypts did not exhibit the typical morphological hallmarks of goblet cells, Paneth cells or entero-endocrine cells.
To study Dll1 + cells, we integrated a GFP-ires-CreERT2 cassette into the start codon of the Dll1 locus ( Supplementary Fig. S1 ). Heterozygous knock-in mice were healthy and fertile and GFP expression was faithfully detected by confocal analysis (Fig. 1b,c) . Dll1
GFP was seen among others in some mesenchymal cells and blood vessels, confirming previous reports and validating the Dll1 knock-in allele 19, 20 (Fig. 1b) . In the intestinal epithelium, bright GFP Table S1 and the Gene Expression Omnibus Database (accession number: GSE39915)). Scale bars, 25 µm (a); 100 µm (b); 50 µm (c).
cell positions above the stem cell/Paneth cell zone. Slightly weaker expression was seen in cells at the bottom and higher up in the crypts and villi (Fig. 1c) . Morphology combined with localization of GFP + cells implied that the crypt bottom cells represent Paneth cells and the cells higher up represent goblet cells. Indeed, a similar observation on the expression of Dll1 was reported in a recent study 20 . It has been shown that CD24 is a useful marker to discern individual crypt cell types by flow cytometry 8, 21 . We sorted Dll1 + crypt cell populations by fluorescence-activated cell sorting (FACS) for GFP and CD24 (Fig. 1d) Table S1 ). This set them apart from stem cells and the bulk of transit-amplifying cells that express high levels of Notch1, Notch2 and low levels of Math1 (refs 9,10,12-14,17 was analysed histologically for β-galactosidase expression 12 h and 2, 4, 10 and 122 days later. After 12 h, single LacZ + cells occurred mainly around the +5 position, 1 cell diameter away from the uppermost Paneth cell (Fig. 2a,b) . We concluded that-fortuitously-Cre excision was almost exclusively restricted to the cells that express the highest Dll1 messenger RNA levels as assessed by in situ hybridization (Fig. 1a) and was not activated in the other GFP-expressing intestinal epithelial cells or the Lgr5 stem cells (Fig. 1b,c) . Of note, the Cre enzyme was primarily active in the duodenum, which is a characteristic of several intestinal Cre knock-in and transgenic lines 1, [27] [28] [29] . On day 2, multiple LacZ + cells occurred higher up in the crypt and at the villus base (average 1. 
Dll1 high cells are secretory precursors
To determine which cell types were derived from the Dll1
LacZ mice were induced by tamoxifen injections on three sequential days. Marker analysis, performed four days after the last tamoxifen injection, revealed LacZ + goblet cells (Fig. 3a) , Paneth cells ( Fig. 3b ), tuft cells ( Fig. 3c ) and entero-endocrine cells (Fig. 3d) . Importantly, except for the exceedingly rare ribbons of LacZ + cells, we never detected LacZ + enterocytes. We concluded that the Dll1 high cells localized at the +5 position generate short-lived clones exclusively consisting of secretory lineage cells. Using the multi-colour Cre reporter R26R confetti for tracing 30 , we found that a single Dll1 + cell gave rise to mixed secretory clones consisting of 2-6 cells. Examples are given in Fig. 3e ,f.
Dll1 high cells derive from Lgr5 stem cells
To determine the temporal, hierarchical relationship between Lgr5 + stem cells and Dll1 high cells, we induced lineage tracing in Lgr5 GFP-ires-CreERT2 knock-in mice crossed to the Cre reporter R26R LacZ . At various time points post-tamoxifen induction, we analysed the expression of the stem cell marker gene Lgr5, the Cre reporter LacZ and Dll1 by triple-colour mRNA in situ hybridization at single-cell resolution 31, 32 . We thus noted that between 1 and 2 days after the induction of lineage tracing in stem cells, Dll1 high cells were first observed within the marked clone ( Supplementary Fig. S3d-f versus S2a-c). Some crypts were already completely labelled by LacZ at day 7 ( Supplementary Fig. S3g-i 30, 33) . This was consistent with the physical position of the Dll1 high cell, immediately above the stem cell/Paneth cell zone. GFP-ires-CreERT2 -R26R confetti reporter mice shows that a single Dll1 + precursor cell gave rise to a red Paneth cell (e, arrowhead) and 2 goblet cells (e, arrows) or multiple yellow goblet cells (f). Scale bars, 100 µm. LacZ small intestinal crypts and exposed these to Wnt3A. This treatment induced the formation of Lgr5 LacZ+ stem cells, which resided at the bottoms of the crypt equivalents in the organoids (Fig. 4b) . Further marker analysis demonstrated the presence of GFP/Mucin2 + goblet cells (Fig. 4c) and GFP/lysozyme + Paneth cells (Fig. 4d) . The presence and location of Dll1 GFP+ secretory cells in these organoids mimicked the in vivo situation. Taken together, Dll1 + CD24 mid secretory progenitor cells could regain stemness properties following exposure to Wnt in culture.
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Dll1 cells become Lgr5 stem cells in vitro

Dll1 cells revert to Lgr5 stem in vivo
Dll1
high precursor cells generate short-lived secretory clones, but extremely rarely generate the long-lived signature ribbons that Lgr5 stem cells typically form 1 . The intestine has a unique capacity to regenerate on extensive damage. We investigated whether the Dll1 high secretory precursor cells were capable of replacing lost stem cells on extensive radiation damage. To do so, we induced Cre expression with tamoxifen in the Dll1 GFP-ires-CreERT2 -R26R LacZ mice, one day before sublethal irradiation (6.0 Gy γ at day 0). This dosage of irradiation causes a large decrease in the number of Lgr5 stem cells (as revealed with the OlfM4 marker) and major apoptosis in the intestinal crypt 1 ( Supplementary Fig. S4 ). The duodenum was subsequently analysed by LacZ staining at day 28 post irradiation. At this time point, we normally observe only Dll1 + -cell-derived LacZ + Paneth cells at crypt bottoms. By whole-mount staining and subsequent sectioning, stem cell tracing events were identified as ribbons of cells emanating from the crypt bottoms and extending up the flanks of adjacent villi (average of 96.1 stem-cell-derived tracings per duodenum; Fig. 5a,b) . These contiguous ribbons consisted of secretory as well as absorptive cells (that is, enterocytes). Moreover, Lgr5 in situ hybridization combined with LacZ staining revealed that Lgr5 was re-expressed at the bottom of these LacZ ribbons (Fig. 5c-e) . As observed earlier, when Cre-enzyme induction at day −1 was not followed by irradiation, we observed background numbers of LacZ + ribbons (average 9.8 stem-cell-derived tracings per duodenum per mouse; Fig. 5a, group 1) . Two further controls were performed, that is, Cre-enzyme induction at day −14 or day −5, followed by irradiation on day 0 and LacZ analysis on day 28 or 7, resp. (Fig. 5a ). This showed that the number of signature ribbons remained at the background level (average 8.4 The following scenario can be scripted. In the stem cell zone, the Dll1 + Dll4 + Paneth cells trigger Notch1 and Notch2 on stem cells, thus keeping the stem cells from terminal differentiation into the secretory lineage 9, 17 . Every day, each of the 15 stem cells divides and owing to the neutral competition for niche space 15 cells exit the Paneth/stem cell zone 30 . These cells pass through the +5 position, thereby losing direct access to Delta ligands. Stochastically, some of these cells lose Notch expression, and strongly upregulate Dll1 expression, thereby setting their own secretory fate. Simultaneously, such a cell can present Dll1 to 6-8 neighbouring transit-amplifying cells. These transit-amplifying cells will thus maintain an active Notch pathway and will stay fated towards the enterocyte lineage. Thus, the enterocyte/secretory switch seems to be controlled through Notch by lateral inhibition. Many examples illustrate this classical mechanism, which typically operates to induce opposite cell fates within fields of initially identical cells 35 . We identified another characteristic of the Dll1 + cells. In vitro as well as in vivo, these early fated progenitors can revert to stem cells, presumably by regaining proximity to Paneth cells, the source of Wnt, Notch and EGF signals 8 . Although not probed here, it seems highly likely that the bulk of the transit-amplifying cells that are underway to become enterocytes rather than secretory cells can similarly dedifferentiate into stem cells.
Recently, it has been demonstrated using an elegant genetic model that selectively killed Lgr5 cells can be replenished by Bmi1 + cells 28 . It has been proposed that Bmi1 marks a quiescent reserve pool of stem cells residing at position +4 (ref. 36) . However, recent studies including array analysis, three-colour single-molecule fluorescent in situ hybridization and reanalysis of the Bmi1 knock-in line have unequivocally demonstrated that Bmi1 is expressed in all proliferative crypt cells including the Lgr5 + intestinal stem cells 27, 32 . Given that all transit-amplifying cells (including Dll1 high cells, Supplementary  Fig. S2c ) express Bmi1, they may all serve as reserve cells on damage to the stem cell compartment 28 . This process of dedifferentiation, or plasticity, is not uncommon. In the Drosophila gonad, both female and male germ cells can regain stem cell identity after initiation of differentiation 37, 38 . Thus, stemness in the intestine may be regarded as a cellular state determined by location, rather than a cellular fate determined by history. This plasticity may have implications for our understanding of the occurrence and role of cancer stem cells, as have been described in intestinal cancer 39, 40 .
METHODS
Methods and any associated references are available in the online version of the paper. 
M E T H O D S METHODS
Mice. Dll1-EGFP-IRES-CreERT2
mice were generated by homologous recombination in embryonic stem cells by targeting an EGFP-IRES-creERT2 cassette at the ATG start codon of Dll1. The Lgr5-LacZ mice constitutively express LacZ in intestinal stem cells as described previously 1 . R26R-lacZ reporter mice were obtained from the Jackson Laboratory. The multi-colour Cre reporter R26R confetti mice have been described previously 30 . All procedures were performed in compliance with local animal welfare laws and guidelines.
Tamoxifen induction. Mice of >6 weeks old were injected intraperitoneally with 200 µl tamoxifen in sunflower oil at 10 mg ml −1 .
β-galactosidase (LacZ) staining protocol. Intestines were isolated, immediately flushed with ice-cold fixative (1% formaldehyde, 0.2% glutaraldehyde and 0.02% NP40 in PBS0; phosphate-buffered saline deficient in Mg 2+ and Ca 2+ ) and incubated for 2 h in a 20-fold volume of the same ice-cold fixative at 4 • C on a rolling platform. The fixative was removed and the intestines were washed twice in PBS0 for 20 min at room temperature on a rolling platform. The β-galactosidase substrate (5 mM K 3 Fe(CN) 6 , 5 mM K 4 Fe(CN) 6 ·3H 2 0, 2 mM MgCl 2 , 0.02% NP40, 0.1 % Na deoxycholate and 1 mg ml −1 X-gal in PBS0) was then added and the tissues were incubated in the dark overnight at room temperature. The substrate was removed and the tissues were washed twice in PBS0 for 20 min at room temperature on a rolling platform. The tissues were then fixed overnight in a 20-fold volume of 4% paraformaldehyde (PFA) in PBS0 at 4 • C in the dark on a rolling platform. The PFA was removed and the tissues were washed twice in PBS0 for 20 min at room temperature on a rolling platform. The stained tissues were transferred to tissue cassettes and paraffin blocks were prepared using standard methods. Tissue sections (4 µM) were prepared and counterstained with neutral red.
Single-molecule in situ hybridization. Probe libraries were designed and constructed as described previously 31 . Each library consisted of 48 probes of length 20 base pairs, complementary to the coding sequence of each gene. Lgr5 library consisted of 96 probes. Hybridizations were carried out overnight with three differentially labelled probes using Cy5, Alexa594 and TMR fluorophores. A FITC-conjugated antibody for E-cadherin (BD Biosciences) was added to the hybridization mix and used for protein immunofluorescence analysis. DAPI (4 ,6-diamidino-2-phenylindole) dye for nuclear staining was added during the washes. Images were taken with a Nikon TE2000 inverted fluorescence microscope equipped with a ×100 oil-immersion objective and a Princeton Instruments camera using MetaMorph software (Molecular Devices). The image-plane pixel dimension was 0.13 µm. Quantification was carried out on 6-12 stacks with a Z spacing of 0.3 µm, in which not more than a single cell was observed.
Classical in situ hybridization. Sections of 8 µm thickness were rehydrated as described above. Afterwards, the sections were treated with 0.2 M sodium chloride and proteinase K. Slides were post-fixed, and sections were then demethylated with acetic anhydride and pre-hybridized. Hybridization was carried out in a humid chamber with 500 ng ml −1 freshly prepared digoxigenin-labelled RNA probe of Dll1, Olfm4 (1078130) or cryptdin1 (1096215). Sections were incubated for at least 48 h at 68 • C. The slides were washed and incubation of the secondary anti-digoxigenin antibody (Roche, Basel, Switzerland) was carried out at 4 • C overnight. The next day, sections were washed and developed using nitroblue tetrazolium chloride/5-bromo-4-chloro-3-indolyl-phosphate.
Immunohistochemistry. The immunohistochemistry was carried out exactly as described previously 41 . The following antibodies were used for immunostaining: rabbit anti-synaptophysin (Millipore; 1:400, AB9272), anti-Dcamkl1 (Abcam; 1:100, PAB2050) and anti-lysozyme (Dako, 1:1,500, A009902).
Crypt isolation, cell dissociation, FACS sorting and culture. Crypt isolation, cell dissociation, FACS sorting and culture were performed as described previously 34 . For culture/sorting experiments, three independent experiments were performed. For each experiment, crypts/cells were pooled from two intestines. For microarray, sorted cells from ten intestines were pooled. Crypts were directly cultured as previously described (100 crypts per well in 24-well plates). For single-cell culture, crypts were dissociated with TrypLE express (Invitrogen) including 2,000 U ml −1 DNase (Sigma-Aldrich) for 30 min at 37 • C. Dissociated cells were passed through a 20-µm cell strainer (Celltrix) and washed with PBS. Cells were stained with PE-conjugated anti-CD24 antibody (eBioscience) for 15 min at 4 • C, and analysed by MoFlo (DakoCytomation). Viable epithelial single cells were gated by forward scatter, side scatter and a pulse-width parameter, and negative staining for propidium iodide or 7-AAD (eBioscience). Sorted cells were collected, pelleted and embedded in Matrigel (BD Bioscience), followed by seeding on a 96-well plate (30-50 singlets; 10 µl Matrigel per well). Culture medium (Advanced DMEM/F12 supplemented with penicillin/streptomycin, 10 mM HEPES, GlutaMAX, 1× N2, 1× B27 (all from Invitrogen) and 1 µM N -acetylcysteine (Sigma-Aldrich) containing growth factors 50 ng ml −1 EGF, 100 ng ml −1 noggin, 1 µg ml −1 R-spondin) was overlaid. Y-27632 (10 µM) was included for the first two days to avoid anoikis. Growth factors were added every other day and the entire medium was changed every four days. In some experiments, 100 ng ml −1 Wnt3A (Millipore) was added to the culture medium. Sorted cells were manually inspected by inverted microscopy, and the numbers of viable organoids in triplicate were calculated.
Microarray analysis. RNA was isolated from sorted Dll1
GFP+ CD24
high , Dll1 GFP+ CD24 mid and Dll1 GFP+ CD24 low cell fractions of intestines derived from the Dll1 GFP-ires-CreERT2 mice. Total RNA (100 ng) was labelled using the low RNA Input Linear Amp kit (Agilent Technologies). Labelling, hybridization and washing protocols were carried out according to Agilent guidelines.
Irradiation. The mice were irradiated using high-energy photons (10 MV) delivered by a linear accelerator. The mice were exposed to a total body irradiation dose equivalent to 6.0 Gy γ rays. In situ hybridization on serial sections performed with an Lgr5 stem cellspecific probe (Olfm4) (A-D) or a Paneth cell specific probe (cryptdin1) (E-H) performed on the intestine derived from non-irradiated control mice (A,E) and radiated mice at different time points (day 1, 3, and 10) postradiation. The results showed maximal depletion at day 3 and regeneration at day 10 of intestinal stem cells upon radiation, while Paneth cells remained present at all time points. Moreover, it shows the integrity of the mRNA in the tissue at the different time points. Caspase3 staining on a non-irradiated control mice (I) and radiated mice at different time points (day 1, 3, and 10) post-radiation (J-L, resp.) showed the presence of numerous (see black arrowheads) apoptotic cells at day 1 post radiation. + . Scale bar: 100 µM.
